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Summary. Moose (Alces alces) and snowshoe hare (Lepus 
americanus) appear to compete with each other. This was 
determined using the"  natural experiments" of populations 
found in sympatry and allopatry on islands at Isle Royale 
National Park, Michigan, and manipulated exclosures. The 
population densities from these areas are fit to a series of 
competition models based upon different competitive mech- 
anisms (Schoener 1974a), using non-linear regression tech- 
niques. A model of competition for food where the food 
can be separated into exclusively used and shared categories 
is found to predict observed densities of  moose and hare 
best. Finally, the competition model's parameters (fraction 
of food shared and competition coefficients) are shown to 
agree with values predicted independently from a foraging 
model. 
Introduction 
Compet i t ion between animal populations has received 
much attention from ecologists. Since Gause's (1934) pion- 
eering laboratory experiments showing that the Lotka-Vol- 
terra competition equations could be applied to a real sys- 
tem (Lotka 1932; Volterra 1926), many researchers have 
attempted to study and model competitive interactions 
(Schoener 1983). Some studies find that the Lotka-Volterra 
model works well (Gause 1934; Crombie 1947; Neyman 
et al. 1956; Vandermeer 1969; Werner 1977), while others 
find that it does not fit the observed data and a non-linear 
model is more appropriate (Ayala 1971; Wilbur 1972; Gil- 
pin and Justice 1972; Gilpin and Ayala 1973, 1976; Ayala 
et al. 1973; Neill 1974; Schoener 1974a, 1975; Smith-Gill 
and Gill 1978; Abrams 1980a, b, 1981a, b; Tilman 1980, 
1982; Tilman et al. 1982). In response to the difficulties 
encountered with the Lotka-Volterra model and its limited 
mechanistical justification, Schoener (1973, 1974a, 1976, 
1978) has developed a series of models based upon: 
1) exploitation of completely overlapping resources with 
a fixed energy input, 
2) interference with time limitation, 
3) interference with fixed energy inputs, and 
4) exploitation of partially overlapping resources with 
a fixed energy input. 
Only models 1 and 2 result in the Lotka-Volterra model. 
Schoener (1974a, 1975) has applied the above four mod- 
els to field data on island lizard populations, demonstrating 
that isoclines can be computed given data on sympatrie 
and allopatric populations. Although other researchers 
have applied mechanistic models to their data (Gilpin and 
Ayala 1976; Abrams 1981a, b; Tilman 1982) or suggested 
the use of such models (Seegmiller and Ohmart 1981), 
Schoener's studies (1974a, 1975) are the only examples 
which apply a set of alternative mechanistic models to try 
to discern the precise mechanisms of competition. Finally, 
with mechanistic models it is desirable to predict the compe- 
tition parameters given behavioral, physiological or ana- 
tomical characteristics of the species involved, thereby en- 
abling a priori predictions concerning competitive interac- 
tions (Brown 1981). 
This paper attempts to examine these issues for two 
herbivores, moose (Alces alces) and snowshoe hare (Lepus 
americanus) at Isle Royale National Park, Michigan. Non- 
linear regression analysis (Marquardt 1963; Conway et al. 
1970; Schoener 1974a), as applied to field population data, 
indicates that exploitative competition for food occurs 
where some food items are exclusively used and others are 
shared. The shared and exclusive food items are demon- 
strated to arise from the very similar, but different demands 
for food item sizes and quality arising from the foraging 
strategies of these two herbivores (Belovsky 1978, 1981, 
in press). Furthermore, these competitive dynamics vary 
with forest type and food availability. 
Study area 
Isle Royale is a 510-km 2 archipelago in Lake Superior. 
Moose and snowshoe hare are the only two terrestrial mam- 
malian herbivores present throughout the year; beaver 
(Castor canadensis) and muskrat (Ondatra zibethicus) are 
largely aquatic, and insects are foraging only in summer .  
One set of data was obtained from a series of islands, Wash- 
ington, Booth, and Grace Islands, and from the point on 
Isle Royale off which they lie. These areas have similar 
canopies composed of Abies balsamea, Picea mariana, and 
Betula papyrifera. The boreal forest is maintained by the 
cool-moist effect of Lake Superior. The islands are free 
of the hare's terrestrial predator, the red fox (Vulpes vulpes), 
and the predator is very scarce in the main island site; 
in three years only one scat was found. The islands differ 
from the main island in moose utilization of forage. The 
differing moose forage use arises because the islands are 
too small to have year-round indigenous moose populations 
and moose must swim to reach them, so that forage use 
by moose depends upon transient individuals. Therefore, 
the islands provide a natural experimental situation with 
moose forage use limited by their colonization rate and 
hare forage use set by residents, whose numbers are as- 
sumed to be in equilibrium with the limited density of 
moose. 
A second set of data was collected from twelve areas 
on the main island. These areas differed in forest composi- 
tion. Some were very similar to the above boreal study 
areas, while others were primarily northern hardwood. The 
classification of forest types in this study follows that pro- 
posed by Krefting et al. (1970). All these mainland areas 
have terrestrial predators (Vulpes fulva, Canis lupus and 
possibly, Lynx canadensis). 
Methods 
The methods for measuring and modelling population den- 
sities for moose and hare are presented below. 
Field data 
At each study site a series of 2-m radius plots were estab- 
lished along a transect at 100-m intervals. All study areas 
were not equally sampled, either because several forest types 
were encountered or due to time considerations, as some 
areas were relatively inaccessible. The number of plants 
with twigs within 2.8-m of the ground, the height to which 
moose can feed, were counted in each plot. Also, the 
number of twig stubs was counted. Removals by moose 
and hare could be separated since items fed upon by moose 
have a rough-torn appearance, while hare leave a clean 
45 ~ angle cut. Measurements at each plot required two peo- 
ple, one counting and the other recording, and involved 
approximately two hours/plot. In total, 118 plots were ex- 
amined. 
The mean number of hare- and moose-browsed twigs 
per plant that possessed utilizable twigs (twigs within 2.8-m 
of the ground) at each study site were considered estimates 
of population density. Browsed twigs can be used as a popu- 
lation estimate given that population members consume a 
relatively constant number of twigs per time period. Cer- 
tainly, there is variation in per capita twig consumption 
but such variability is probably small. Twigs are a better 
item to count for food utilization since they are more appar- 
ent, less-ephemeral and easier to count than removed leaves 
or forbs. Twig counts do not provide an annual population 
estimate for moose or hare since browsed twigs persist for 
as long as ten years after consumption (Y=7.75 years). 
Therefore, the twig utilization measurement is a summation 
of consumption over the expected life of consumed twig 
stubs, but it is based on the same time period for both 
moose and hare. 
The g-dry wt/m 2 of twig production per annum within 
2.8-m of the ground for each forest type (Botkin and Jor- 
dan, unpubl, data) was divided by the mean number of 
plants per m 2 with usable twigs. This provides an estimate 
of twig production per plant; the same denominator was 
used for herbivore population density (twigs removed/ 
plant/m2). 
To determine moose and hare carrying capacities, the 
allopatric twig consumptions by moose and hare were cor- 
related with the twig production/plant. There was no diffi- 
culty in finding areas on Isle Royale where moose were 
naturally allopatric, because it appeared that certain sites 
did not have hare or they were at such low numbers as 
to be nonexistent perhaps because of a lack of cover from 
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predators. However, no naturally occurring allopatric sites 
could be found for hare. Consequently, exclosures which 
kept moose but not hare out were employed. The exclosures 
had been built during the 1950's at Isle Royale by L.W. 
Krefting and each encompasses approximately 0.25 hec- 
tares. A hare population cannot be maintained exclusively 
in a 0.25-ha area, but their utilization of twigs in the absence 
of moose is what is important. Two exclosures, one in the 
Washington Creek drainage and another near Siskiwit Bay, 
were used to determine hare consumption of twigs when 
protected from moose consumption. 
Modelling 
With the carrying capacity equations and twig production 
estimates for each study site, the number of twigs consumed 
by each species given no competition (carrying capacity, 
K) can be estimated. With K and the observed densities 
of twigs removed by moose, F~, and hare, Fu, non-linear 
regressions are used to determine which model of competi- 
tive mechanisms might explain observed twig use. Four 
models presented by Schoener (1973, 1974a, 1976, 1978) 
and converted to units equivalent to K, F M and F H are fit 
to the data. This conversion simply requires substituting 
into the equilibrium solutions the values of Fza/C~t and FH/ 
C n for the densities of moose and hare individuals, respec- 
tively N~t and Nn in Schoener's (1973, 1974a, 1976, 1978) 
notation, where C M and Cn are the moose and hare con- 
sumption of twigs/individual/unit time, respectively. The 
CM and C~/ terms by definition must equal Schoener's 
(1973, 1974a, 1976, 1978) CM and Cn terms at equilibrium 
since intake at dN/d t= 0 must satisfy per capita require- 
ments for maintenance and replacement reproduction (see 
Appendix for an example of how these equations are de- 
rived). The four converted competition models are: 
1) intraspecific interference with a fixed energy input: 
FM kv+[k2 + 4 ( K M - c s )  k8l~ 
2 
FH = k8 + [k2 + 4 (K H -  c6) ks] ~ s 
2 
2) exploitation competition with a fixed energy input 
or interference with a time limitation, both of which provide 
the Lotka-Volterra model: 
FM= KM--kl  FH--c 1 , 
F~= K~-k2 F~-c2. 
3) interference with fixed energy inputs: 
FM = (KM -- c3)/k3 + k4 Fn, 
F n = (Kn-- c4)/k 5 + k 6 FM, and 
4) exploitation with partially overlapping resources and 
a fixed energy input: 
(KM-- k9 Fn-- c7) + [(KM-- k 9 F/_/-- c7) 2 
F~ t _  +(4k9klo(Ku--cv)FH] ~ 
2 
(K,~-kll FM-es)+[(K~-kII FM--cs) 2 
+(4 kl l  k12(Kn-cs )  FM)] ~ 
6 , -  
2 
All k's in the above equations refer to constants. The c 
values can be considered slack variables serving two pur- 
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Fig. 1. A plot of hare densities versus moose densities (twigs re- 
moved/plant) indicates that there is a significant negative relation- 
ship between these values, suggesting the potential for competition 
poses. First ,  they can modify the carrying capaci ty  equa- 
tions based on al lopatr ic  uti l ization to compensate  for sam- 
pling error  or  small sample sizes. This is part icular ly impor-  
tant  for hare since their carrying capacity equations are 
based upon very limited al lopatr ic  area and a small sample 
size. Second, the c values can modify the compet i t ion func- 
tions at  low moose or hare densities to account for a con- 
sumer 's  inabil i ty to use all available resources at low popu-  
lat ion densities because of  sat iat ion (Schoener 1978). 
Each of  the four models are fit to the da ta  using the 
p rogram R A P E  (Regression Analysis  Program for Econ- 
omists) available at the H a r v a r d - M I T  comput ing facilities 
(Raduchel  1970). The p rogram first a t tempts  to minimize 
the sum of  squared residuals by Gauss ian  el imination;  if  
that  is not  possible then a convergence criteria for the resid- 
ual sum of  squares is appl ied (0.01 difference). Even when 
a minimum for the sum of  squared residuals is achieved 
by the above criteria, several addi t ional  runs with different 
initial pa ramete r  estimates must  be made to maximize the 
chance that  a global  rather than a local minimum is found. 
In order  to start  the search for a solution, initial estimates 
for constants  are made  from intuitive estimates arising from 
field experience. The solut ion provides the best least- 
squares estimates for k and c values. 
Results 
The al lopatr ic  and sympatr ic  uti l ization of  twigs by moose 
and hare appears  in Fig. 1. It is apparen t  from the plot  
that  a negative relat ionship exists (Spearman Rank  Correla-  
t ion:  r = - 0 . 6 9 ,  P <  0.01) between moose and hare utiliza- 
tion, suggesting potent ial  competi t ion.  
Da ta  from each study site were divided between plots 
whose usable plant  composi t ion is p redominant ly  conifer- 
ous ( >  50% conifer cover) or deciduous (_>_ 50% deciduous 
cover), to ascertain whether compet i t ion differs between 
these habi ta t  types. Tables 1, 2, 3 and 4 contain the a l lopat-  
Table 1. Deciduous and coniferous forest plots for which only twigs 
consumed by moose were found 
Forest type No. 2 twig production a 2 No. twigs 
plots consumed by 
No. plants/plot moose/plot 
Deciduous 
West. Sub-Coastal 1 7.54 17.79 
Birch-Aspen 5 7.41 15.12 
Coastal 1 1.01 3.66 
Birch-Aspen 5 3.77 9.16 
West. Sub-Coastal 7 3.90 13.75 
Burn 3 5.91 15.27 
Coniferous 
Aspen 2 3.33 11.57 
East. Sub-Coastal 1 6.33 7.89 
East. Coastal 1 1.73 23.58 
Malone 1 6.85 10.62 
Twig production (g/m 2) from Botkin and Jordan, unpubl, data 
Table 2. Deciduous and coniferous forest plots for which only twigs 
consumed by hare were found 
Forest type No. 2 twig production" 2 No. twigs 
plots consumed by 
No. plants/plot hare/plot 
Deciduous 
Burn 1 3.12 5.15 
Burn 1 2.73 10.94 
Burn 1 14.58 31.33 
Burn 1 0.64 7.87 
Coniferous 
West. Sub-Coastal 1 3.23 5.67 
West. Sub-Coastal 1 3.23 6.66 
West. Sub-Coastal 1 3.87 4.88 
West. Sub-Coastal 1 4.84 3.03 
a Twig production (g/m 2) from Botkin and Jordan, unpubl, data 
Table 3. Deciduous and coniferous forest plots from an off-lying 
archipelago for which twigs consumed by moose and hare were 
found 
Area - Island b No. 2 twig production a 2 No. twigs 
plots consumed/plot 
2 No. plants/plot 
Hare Moose 
Deciduous 
Washington 6 4.14 6.9 9.1 
Booth 7 6.27 1.9 14.9 
Grace 5 2.61 0.8 11.5 
Isle Royale-Coastal 1 6.26 0.004 14.8 
Coniferous 
Washington 4 3.23 1.5 11.9 
Booth 3 6.29 2.8 3.1 
Grace 5 1.89 1.1 16.3 
Isle Royale-Coastal 3 4.08 0.4 13.8 
Twig production (g/m 2) fi'om Botkin and Jordan, unpubl, data 
b Islands listed according to decreasing distance from nearest point 
of main island 
Table 4. Deciduous and coniferous forest plots from the main 
island for which twigs consumed by moose and hare were found 
Forest type No. 2 twig production a 02 No. twigs 
plots consumed/plot 
2 No. plants/plot 
Hare Moose 
Deciduous 
Yellow Birch 8 3.52 0.95 9.1 
West. Sub-Coastal 1 6.26 0.004 14.8 
West. Sub-Coastal 4 3.39 0.39 9.3 
Scrub-Burn 5 8.42 0.02 19.3 
Burn 5 8.25 0.02 19.5 
Sugar Maple 5 5.53 0.15 12.6 
East. Sub-Coastal 5 3.96 1.26 9.4 
Yellow Birch 6 3.39 0.85 9.0 
Yellow Birch 14 3.52 0.97 9.0 
Coniferous 
Coastal 3 4.08 0.40 13.8 
Yellow Birch 2 4.20 4.20 10.8 
West. Sub-Coastal 3 5.29 0.19 12.0 
Yellow Birch 4 3.98 0.71 12.5 
Yellow Birch 6 2.78 3.60 12.6 
a Twig production (g/m 2) from Botkin and Jordan, unpubl, data 
Table 5. Carrying capacity for moose and hare in deciduous and 
coniferous forests (Tables 1 and 2), where P is g of twig/plant 
Moose 
Deciduous KM= 3.10+1.90 (P) r2=0.86 n = 6  
Coniferous KM =24.29--2.38 (P) r2=0.70 n = 4  
Hare 
Deciduous K n = 4.25 + 1.82 (P) r 2 = 0.92 n =4  
Coniferous K n = 12.45 -- 1.95 (P) r 2 = 0.93 n = 4 
Table 6. Parameters computed for different forms of competition 
isoclines (Schoener 1974a, 1976) using the data for moose and 
hare on the archipelago (Table 3). The parameters were only com- 
puted for hare since the numbers of moose are limited by their 
ability to swim to these small islands as well as by food availability 
Competition r 2 Residuals 2 N 
Decid- Conif- Decid- Conif- Decid- Conif- 
uous erous uous erous uous erous 
Intraspecific 0.03 0 29.75 4.17 4 4 
Interspecific 0.85 0 4.28 25.03 4 4 
Lotka-Volterra 0.93 0.83 a 2.08 1.32 4 4 




Table 7. Parameters computed for different forms of competition 
isoelines (Schoener 1974a, 1976) using the data for moose and 
hare on the mainland (Table 4) 
Competition r 2 Residuals 2 N 
Decid- Conif- Decid- C o n i f - D e c i d - C o n i f -  
uous erous uous erous uous erous 
Moose 
Intraspecific 0.94** 0.64 7.19 2.15 9 5 
Interspecific 0.97** 0.37 0.96 2.93 9 5 
Lotka-Volterra 0.96** 0.50 1.22 2.30 9 5 
Exploitative 0.99 T M  0.72 a 0.66 1.26 9 5 
Hare 
Intraspecific 0 0.02 16.51 14.24 9 5 
Interspecific 0 0.63 105.82 3.98 9 5 
Lotka-Volterra 0,70 0.91 1.02 1.36 9 5 




Table 8. Exploitative competition isoclines computed by non-linear 











M =  0.5[(KM--28.59 H) 
+]/(KM-- 28.59 H)2+ 101.65 K~u H] 
K u = 3.10 + 1.90 (P) 
H=O.5[(Kn- I.aO M) 
+ l / ( K n-  1.80 M) 2 + 0.0006 K n M] 
Kn = 10.85 + 1.82 (P) 
M =  0.5 [(KM -- 10.49 H) 
+ ]/(K~t-- 10.49 H) 2 + 28.89 KM H] 
K M = 24.29 --2.38 (P) 
H=O.5[(Kn-2.52M) 
+l/(&~- 2.52 ~2  +0.007 KH 
K R = 39.06-1.95 (P) 
M=O.5[(Kn-- 2.5O M) 
+I/(K n - 2.50 34) z + 0.0361 K H M] 
K B = 21.77 + 1.82 (P) 
M=0.5[(KH-0.72  M) 
+ ] /(Kn--  0.72 M) z +0.24 K~ M] 
K~ = 12.45 -- 1.95 (P) 
ric and sympat r ic  da ta  on m o o s e  and hare  twig use, which 
combined  with  the car ry ing  capaci ty  equa t ions  (Table  5) 
can be used to solve the non- l inea r  regressions for  each 
o f  the four  compe t i t ive  models .  Tables  6 and  7 present  
the coefficients  o f  de t e rmina t ion  (r 2) and  the sum of  
squared  residuals  for  each model .  Resul ts  show that  the 
exp lo i t a t ion  mode l  with exclusive and over lapp ing  re- 
sources  general ly  gives the best fit to  the  observed  data.  
F ive  o f  six sets o f  densities fit the  exploi ta t ive  m o d e l  with 
exclusive and  over lapp ing  resources  best (b inomial  p roba-  
bil i ty:  P <  0.06); the Lo tka -Vo l t e r r a  mode l  is second with  
one  o f  six sets. 
C o m p a r i s o n  o f  the r 2 and sum o f  squared  residuals for  
the exploi ta t ive  m o d e l  wi th  exclusive and  over lapp ing  re- 
sources and the Lo tka -Vo l t e r r a  mode l  is compl ica ted  since 
the n u m b e r  o f  pa ramete r s  fit by regress ion analysis is no t  
equal  in the two mode l s :  3 and  2, respectively.  In addi t ion ,  
the L o t k a - V o l t e r r a  mode l  wi th  2 paramete rs  will always be 
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at a global minimum sum of squared residuals because the 
solution can be achieved by Gaussian elimination, while 
the 3 parameter model will have only an estimate of mini- 
mum sum of squared residuals that is always larger than 
the true minimum. Using the techniques developed by 
Mueller and Ayala (1982) for comparing 2 and 3 parameter 
models, the 3 parameter exploitation model was found to 
provide a better fit to the data. Finally, the Lotka-Volterra 
model in many instances provides unrealistic competitive 
results (see below), while the exploitation model with exclu- 
sive and shared resources does not. 
The isocline equations for the exploitative model with 
shared and exclusive resources are presented in Table 8. 
Carrying capacity modifications (c, slack variables) are only 
found to be important for hare, as expected due to their 
limited allopatric data. 
Discussion 
How might moose and hare compete in each of the mecha- 
nistic ways hypothesized by Schoener (1973, 1974a, 1976, 
1978) and tested here? Model 1 for intraspecific competi- 
tion for a fixed energy input would arise if moose and hare 
did not compete at all, whether by interference or exploita- 
tion. Model 2, Lotka-Volterra competition, arises by ex- 
ploitation of a limiting resource shared completely by both 
species or by interference competition that limits feeding 
time. Exploitation of a resource completely shared by 
moose and hare might occur for food; but, as Schoener 
(1974a) demonstrates, this form of competition guarantees 
the trivial and unobserved result of competitive exclusion. 
Interference between moose and hare might occur in 
several ways: agonistic interactions or indirect modification 
of the environment for each species by the other in a nega- 
tive manner. No incidence of moose or hare chasing the 
other off was observed or reported in the literature. Moose 
might deleteriously modify the environment for hare by 
opening the forest canopy, such that hare are more suscepti- 
ble to predation, either leading to greater mortality or to 
a reduction in feeding time to avoid predator exposure. 
This is unlikely since a dichotomy would have been ob- 
served between the mainland with predators and the islands 
without predators. Finally, moose and hare might decrease 
canopy cover modifying the thermal environment and re- 
ducing their foraging time (Belovsky, 1981, in press). This 
is unlikely because very little dense canopy is needed for 
cover and the more open forest is where both species prefer 
to feed (Belovsky, 1981, in press). All of these potentials 
for interference competition also apply to Model 3 where 
interference impacts upon individual energy demands for 
each species rather than the time for resource acquisition. 
If, as indicated by this study, moose and hare exploit- 
atively compete for a resource that is partially shared, what 
is the resource and how is it partitioned between shared 
and exclusive components? The most obvious resource 
commonly used by moose and hare is the vegetation for 
food. Twigs, winter food, in particular may be the resource 
for which moose and hare compete, since twigs are scarcer 
in winter. Food is reported as a potentially limiting resource 
for moose (Peek 1982) and hare (Bittner and Rongstad 
1982). 
The most obvious way of partitioning vegetation would 
be by height above the ground for two herbivores as dissim- 
ilar in size as moose and hare, since hare should consume 
Table 9. Parameters used in computing the amount of exclusive 
and overlapping resources for hare and moose 
Hare Moose 
Weight (kg) 1.5 358.0 
Metabolism (kcal/day)" 230.8 11,522.3 
Stomach capacity (g-wet wt) b 179.5 32,900.0 
Flow rate of food (no. of times the 
stomach contents turn over/day)c 3.0 0.5 
Daily feeding time (min) ~ 202.8 590.0 
Maximum cropping rate 
(twigs/min) c 8.3 25.0 
Twig sizes (min-max) mm c t .3-4.3 1.33- 6.20 
Bulk of food (g-wet/g-dry) r 2.12 2.00 
Minimum digestibility ~ 
(% mineral + protein) 10.3 7.3 
Energy content (kcal/g-dry wt) d 4.2 4.2 
Available in environment: c 
Mineral + protein - Deciduous 5.2-12.3 5.2-12.3 
- Coniferous 5 . 2 - 1 5 . 9  5.2-15.9 
Twig diameters (mm) ~ 0-7.6 ~ 0-7.6 
a 1 0 7 5  Metabolism= 40 W~i : Kleiber 1961 ; Moen 1973 
b Computed from body weight stomach regressions in Belovsky 
(1978, in press) 
c Belovsky 1981, in press 
a Golley 1961 
low vegetation, and moose higher vegetation, with a region 
of overlap. This simple explanation is totally inadequate 
since moose and hare consume vegetation that is 91% simi- 
lar by height in summer and winter (% similarity, Schoener 
1970:465 hare food items and 2,941 moose food items). 
Partitioning by height may occur in other regions, but 
Telfer (1972) also reports similar overlap in feeding height 
between moose and snowshoe hare. Height may not serve 
as a means of partitioning food for several reasons. First, 
moose and hare twig use in winter by height is moderated 
by snowfall with hare capable of walking on top of the 
snow and moose capable of breaking through the crust. 
Second, both moose and hare prefer more nutritious plants 
(Belovsky, 1981, in press), which often are younger and 
consequently lower to the ground and in reach of both 
herbivores. 
Belovsky (1981, in press) found that moose and hare 
appear to select food items on the basis of a minimum 
quality and item size to satisfy time-energy requirements. 
These minimum requirements differ for moose and hare 
(Table 9) and this might explain the partitioning of food 
resources. The foraging model developed by Belovsky 
(1981, in press) to predict diet selection on the basis of 
satisfaction of minimum quality and item size can be written 
as 
D-> (M) (B) (1) 
- ( s )  (~ (~' 
where D is the minimum percent dry matter digestibility 
of food consumed, M is the energy requirements of the 
animal (kcal/day), B is food bulk (wet to dry weight), S 
is stomach capacity, F is the number of times each day 
the stomach contents turn over, and E is the gross caloric 
content of the food; and 
M 
I;___ (E) (C) (D) (T)' (2) 
where I is the minimum weight of a food item consumed, 
C is the cropping rate of food items (items/time) and T 
is the maximum amount of time per day the animal has 
to feed. D can be converted into Q, the mineral+protein 
content of plants, given a regression of data on digestion 
versus mineral + protein composition of the foods (moose, 
Belovsky 1981; and hare, Belovsky, in press). Equation 2 
can be used to compute a minimum twig size required by 
hare and moose, but for winter feeding there also exists 
a maximum twig size which can be eaten (Belovsky, 1981, 
in press). The maximum twig size appears to be set by 
the strength of the wood relative to the animal's ability 
to shear with its teeth; the mean of the largest 10% of 
twigs observed to be eaten was used in lieu of an a priori 
estimate. Using each species' Q and I values, and the avail- 
able ranges of Q and I values in the environment, the 
amount of overlapping and total food resources for each 
species can be computed. 
Using the data presented in Table 9, a graphical solution 
(Fig. 2) of moose and hare twig utilization can be con- 
structed. Table 10 presents the percentages of exclusive re- 
sources predicted by the model and those estimated from 
the regression analysis ( K l o / K  9 and K 1 a/K1 z). The compari- 
son indicates a good agreement (r 2 = 0.99, P < 0.01). Given 
resource utilization as depicted in Fig. 2, a direct computa- 
tion of the competition parameters in Schoener's (1974a, 
1975) utilization model can be made: 
K9 = (qu/qlu) (dAM/AH), 
and 
Kla = (qM/qH) (dAM~An), 
where K 9 is the impact of hare on moose and KI~ is the 
impact of moose on hare for shared resources, qn and qM 
are the proportion of resources shared by hare and moose, 
d is the observed number of hare twigs removed for each 
moose twig, and A M and A n are the total resource areas 
(Fig. 2) available to moose and hare (see Appendix for deri- 
vation of the competition parameters). Hare generally eat 
only terminal buds and adjacent new growth, but a moose 
removes more of the older twig. A hare's twig consumption 
leaves a remainder too small to satisfy a moose's time- 
energy budget, but a moose on average takes two terminal 
buds with its twig, giving a value of 2 for b. The computed 
competition parameters appear in Table 10 and are very 
similar to the regression estimates (r2= 0.99, P < 0.01). 
The close agreement between predicted and observed 
proportions of shared and exclusive resources indicates the 
utility of incorporating foraging models with mechanistic 
models of competition. The combination of these models 
may not lead to elegant theoretical models that are analyti- 
cally tractable (e.g. Tilman 1982), but they are biologically 
satisfying. Finally, despite the great effort expended by eco- 
logists in predicting competition coefficients (Horn 1966; 
Levins 1968; Colwell and Fatuyma 1971; Pianka 1973, 
1974, 1975; Schoener 1974b, May 1975), and despite some 
of the inherent errors and modifications (Schoener 1974b; 
Hurlbert 1978; Abrams 1980b), these measures of potential 
competition coefficients are limited to the subset of mecha- 
nistic models that result in linear isoclines, as characterized 
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Fig. 2A, B. The plot of overlap in the use of plant foods by their 
quality (% mineral+protein) and item size (rnm twig diameter) 
between moose and hare in deciduous (A) and coniferous (B) forest 
Table 10. The regression estimated and a priori model estimates 
for the amount of exclusive resource possessed by hare and moose 




% of available resource 
that is exclusive: 
Moose in deciduous 88.9 75.6 
Moose in coniferous 68.9 60.3 
Hare in deciduous 0.2 a 1.0 
Hare in coniferous 4.2" 1.0 
Competition effect 
of other species on : 
Moose in deciduous 28.59 32.92 
Moose in coniferous 10.49 12.44 
Hare in deciduous 2.15 a 2.00 
Hare in coniferous 1.62 a 2.00 
a Mean of hare values computed for the off-lying and main island 
areas 
(1980a) has pointed out that the conditions for constant 
competition coefficients as assumed in these formulations 
are unlikely. Finally, application of these estimates of com- 
petition coefficients to the data collected at each site in 
this study and their incorporation into the Lotka-Volterra 
model, as an approximate representation of competition, 
leads to totally unrealistic results ranging from competitive 
exclusion and unstable coexistence to stable coexistence, 
when at each study site stable coexistence is observed. 
The mechanistic model of competition for exploitation 
of shared and exclusive resources combined with the forag- 
ing model leads to assymetries in the competition between 
moose and hare. The isocline equations (Table 8) can be 
solved to determine which of the two species consumes 
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Fig. 3A, B. Plots of the predicted carrying capacities (K,), amount 
of exclusive resource (R,) and the competitive equilibrium density 
(E,) for moose (M) and hare (/4) are presented over a range of 
site primary productivities (g/plant) within the reach of the two 
species. These values are presented for two habitat types : deciduous 
forest (A) and coniferous forest (B), and are compared with ob- 
served densities: moose (e) and hare (m) 
more available twigs at different twig production levels. 
In the deciduous habitat, hare consume more twigs at pro- 
ductivities 07 g/mZ)/(~ plants/m 2) less than 1.25-g/plant and 
in the coniferous habitat at values greater than 5.50. At 
other values, moose consume more twigs. 
The differences in utilization between moose and hare 
arise for two reasons: changes in carrying capacity and 
competitive ability with variation in standing crop of food. 
In the deciduous forest carrying capacity increases with twig 
biomass, while the reverse is found for coniferous sites. 
Furthermore, the moose's carrying capacity changes much 
more than the hate's with twig biomass. This arises since 
small animals with their smaller metabolic demands will 
be less impacted by declines in food abundance (Schoener 
1971; Belovsky 1978). Carrying capacity, in addition, may 
decline in coniferous areas with increasing twig biomass 
because the animals may not be able to move freely through 
thick conifer vegetation (this would especially be true for 
the larger herbivores, the moose) or because of declining 
plant quality in the heavy shade. 
Relative competitive success changes with forest type 
and productivity because the equilibrium solution to the 
competition model (Model 4) depends on carrying capacity 
values. This can be assessed by comparing each species' 
predicted consumption with competition, F, ,  against its al- 
lopatric consumption, I , ,  and its exclusive resource avail- 
ability, R , .  Plots of F, ,  R ,  and K,  in each habitat type 
are presented in Fig. 3. 
Moose twig consumption in deciduous areas approaches 
the exclusive resource values, RM, at low twig biomass and 
increases towards the carrying capacity, IM, as biomass in- 
creases (Fig. 3 a). Hare consumption follows a reverse pat- 
tern; however, the decline of hare consumption towards 
the exclusive value, RH, with increasing biomass is very 
rapid (Fig. 3 a). In coniferous areas (Fig. 3 b), the same pat- 
terns emerge for moose and hare except biomass effects 
are reversed: i.e, moose approach R M at high biomass and 
hare approach their Rn at low values. These results indicate 
that hare are extremely susceptible to competition from 
moose, while moose are only slightly impacted. 
Hare consumption in the presence of moose is predicted 
by the model to decrease in deciduous areas while consump- 
tion in coniferous areas increases as observed twig biomass 
increases (Fig. 2). This indicates habitat-shift by hare, since 
relative hare densities will become greater in coniferous ar- 
eas versus deciduous areas when moose are present. Moose 
are predicted to show a far weaker shift, increasing their 
use of deciduous areas and decreasing their use of conifer- 
ous areas as biomass increases, which probably can not 
be detected as habitat-shift in the field. The data from this 
study indicates habitat shift such that as twig removal by 
moose in deciduous areas increases, hare use of coniferous 
areas within the same study site increases (rank correlation : 
r=0.84, n=8 ,  P<0.001). No statistical change in moose 
utilization could be found. 
The assymetries of competition between moose and hare 
also have an effect on each species' impact on forest growth. 
Hare are predicted by the model to have a greater effect 
on plant growth and survival, by clipping twigs, at low 
deciduous productivity and high coniferous productivity, 
while moose are just the opposite. Hare should never con- 
sume more deciduous biomass than moose, but at conifer- 
ous biomasses greater than 9-g/plant, hare should consume 
more than moose. 
Twig biomass (g/plant) can be related to forest age. In 
early-aged stands, biomass will be low because the plants 
are small, while in late-aged stands, twig biomass will be 
high because the plants are larger. This indicates that hare 
should have more impact in early-aged deciduous stands 
and late-aged coniferous stands, while moose have the op- 
posite effect. These variable impacts by moose or other 
large ungulates and hare on forest growth are borne out 
by a number of field studies (Aldous and Aldous 1944; 
Hough 1949; Krefting 1953; Dodds 1960; Bider 1961; Vo- 
zeh and Cumming 1961 ; Bookhout 1965a, b). The variable 
results reported in the above studies have been argued as 
to which is correct; however, the observed variation is as 
expected from the competition model presented in this 
paper. 
It is known that predation can modify competitive inter- 
actions (Menge and Sutherland 1976) and predation may 
be complicating the population densities found in this 
study. Moose are preyed upon by the timber wolf (Canis 
lupus) at Isle Royale, but because of their size differences 
the wolf hunts in packs and seldom takes prime-aged adults. 
This suggests, along with the fact that moose numbers do 
not appear to be limited by predation (Mech 1974), that 
wolves are not an important moderator of competition by 
moose on hare. On the other hand, hare are preyed upon 
by the red fox (Vulpes vulpes) which is extremely abundant 
and perhaps the lynx (Lynx canadensis - the lynx may be 
extinct on the island), both of which are larger than hare. 
It is known that the red fox's main prey is hare, contained 
on the average in 25.8% of the scats (Mech 1966; Johnson 
1970). Also, it is known that hare numbers and distributions 
can be limited by predation (Keith 1967, 1974; Keith and 
Surrendi 1971 ; Rusch et al. 1972; Brand et al. 1976; Keith 
and Windberg 1978). 
Since hare would appear to be more influenced by pre- 
dation than moose, we might expect that with predation : 
1) hare will have a smaller carrying capacity, K~, on 
the mainland versus the predator-free islands, since hare 
will not  be able to use more open areas due to the greater 
hunting success of  predators in these areas; 
2) a greater proport ion of  hare resources will be exclu- 
sive with predators since hare will avoid the use of  open 
areas; this provides less shared food with moose since the 
foods growing in open areas, although more nutritious, are 
generally o f  larger size and also can be used by moose; 
and 
3) competitive effects of  moose on hare might be greater 
in areas with predators since moose tend to open the habitat 
by their feeding, increasing the success of  predators. 
Out of  six potential comparisons (3 traits above in 2 
habitat types) four fit the above traits (binomial probabili- 
ty: P<0.11) .  Therefore, it is plausible, but unknown, 
whether predation might be enhancing the competitive im- 
pact of  moose; however, food exploitation appears to be 
the main influence. 
Conclusion 
Competition between two very different-sized herbivores 
appears to be intense and can be explained by a model 
of  resource (food) competition where overlapping and ex- 
clusive resources are utilized. When the competition model 
is fitted to field data on animal densities, the estimated 
competition coefficients and proport ions o f  exclusive re- 
sources are found to agree quite well with those computed 
a priori, using the herbivore feeding model developed by 
Belovsky (1981, in press). This model predicts the minimum 
size and quality of  plants fed upon by herbivores of  differ- 
ent body sizes and uses this information along with the 
availability o f  plants o f  different sizes and qualities to ascer- 
tain which resources are exclusive and overlapping. 
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Appendix 
The model of  exploitative competition and its competition 
parameters : 
Schoener's (1974a, 1976, 1978) model of  exploitative 
competition with exclusive and shared resources is: 
[IE, lol C "~ dN1 = R 1 Na _~-q- (i) 
d t  \ N  1 N~ +f iN  2 J'  
where: 
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N 1 = the number of  individuals of  species 1 
N 2 = the number of  individuals of  species 2 
R 1 =species l ' s  rate of  conversion of  resources into off- 
spring 
I m = amount  of  resource that is exclusively available to spe- 
cies 1 per unit time 
Iol = a m o u n t  of  resources available to species I that is 
shared with species 2 per unit time 
C a = species l ' s  resource requirements for maintenance and 
replacement reproduction per unit time, and 
t =  a competition parameter relating consumption by spe- 
cies 2 into species l ' s  consumption of  shared resource. 
The fl term can be written as: 
t - -  bm2  (ii) 
a M  1 
where a is species l ' s  proport ion of  diet composed of  shared 
resources, b is species 2's proport ion of  diet composed of  
shared resources that is also used by species 1, M ,  is species 
l ' s  per capita resource intake per unit time and M2 is species 
2's per capita resource intake per unit time. M 1 and M 2 
will vary with population densities of  the species, since the 
resources available to each individual will be changing. 
Also, the expression for fl is based on two assumptions: 
1) items of  resources ingested by species 1 and 2 are 
equivalent, i.e. an item as perceived by 1 is perceived the 
same by 2, and 
2) the total resources available to 1 and 2 are of  equal 
abundance, so that diet proportions (a, b) reflect impor- 
tance to the consumer's satisfaction of  C1. Equation (ii) 
with its diet proportions and intake values has many of  
the characteristics of  Schoener's (1974b) method for esti- 
mating competition coefficients. 
I f  we solve the competition Eq. (i) for its zero isocline, 
we have: 
0 = N 1 (Iol + IE, -- C 1 fiN2) - C 1 N~ + IE~ fiN2, 
o r  
N 1 = 
(K z -- C 1 fiN2) + [X t -- C 1 fiN2) z + 4 C 1 e 1 K 1 flN2] ~ 
2 C 1 (iii) 
where K l = I ~ l + I o ,  , carrying capacity in allopatry, and 
el = IE1/K1. Now, if we substitute Nz = F1/M I and N 2 = F2/ 
M 2 into Eq. (iii), where F 1 and F 2 are species 1 and 2's 
total resource consumption, we obtain: 
El= 
(K1 c1 ~E~ pe~ ~ o.~ 
M2 ) §  C1 ) + 4 C ~ e l K ~ f l N 2 ]  
M2 
2 (iv) 
where C l f l / M 2 = K  9 or Kll  and 4 C l e l K l f i = K l o  or / (12 
in the text. The K 9 and K 11 terms are the competition pa- 
rameters referred to in the text and by substituting (Eq. 
(ii) for t ,  they can be written as: 
K 9 or K 11 C1 M2 b 
- M 2 M 1 a (v) 
By definition C 1 equals M 1 at dN1/d t=O , because per cap- 
ita resource intake per unit time can only supply mainte- 
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nance and replacement reproduction, C a . Therefore, K 9 or 
K11 simply equals b/a. The simple form of b/a for the com- 
petition parameter is interesting since it is equivalent to 
Levins' (1968) competit ion coefficient estimate with only 
two resource classes, I01 and IE1. 
In  the moose-hare example of this type of competit ion 
presented in the text, both assumptions upon  which the 
Eq. (ii) expression for fl is developed are violated. Moose 
have a greater resource availability than hare and moose 
consume several hare twigs by consuming one of their own 
twigs. Therefore, a uni t  of hare consumption in the region 
of shared resources (Fig. 3) will have a higher probabili ty 
of occurring than a unit  of moose consumption and will 
be more valuable in terms of overall resource available to 
a hare than a moose. Consequently, the b/a term for K 9 
or Kal must  be scaled by dAg/AH, where d is the number  
of moose twigs per hare twig, A M is the area of total moose 
resources usable (Fig. 3) and A H is the area of total hare 
usable resources (Fig. 3), such that:  
b AMd K 9 or Klx--  
a A H 
where b and a can be estimated as the proport ions of A M 
and A H shared by the two species. 
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